Interactions between plants and trace gases, especially ethylene, were investigated from two different viewpoints ; ethylene is toxic for plant growth, whereas the ethylene release rate of plants can be utilized as a plant growth indicator.
Introduction
In order to establish Closed Ecological Life Support Systems (CELSS), it is essential to adequately maintain material balances in the CELSS (Tibbitts and Alford, 1982 ; Salisbury, 1990) . Because there is a low capacity, or volume, in the CELSS compared to the biosphere, it is necessary not only to develop a system which monitors and controls the material balances, but also to collect data concerning material budgets in the CELSS (Nitta et al. 1991) . Ethylene is one of the important gases released from higher plants, because it is considered to be one of the plant hormones and inhibits plant growth at a concentration over the threshold level. In order to determine the capacity of a trace gas removal system, it is necessary to clarify trace gas budgets including ethylene in the closed systems.
On the other hand, ethylene synthesis in plant tissues is accelerated by some kinds of stress (Tingey et al., 1976) . This fact has been observed by experiments with leaf discs and excised tissues, not with intact plants. However, these results indicate that ethylene release from intact plants may also be affected by stress. If it is the case, it may be possible to detect plant growth anomalies by continuously measuring ethylene concentration in the closed plant cultivation systems.
In the present study, the relationship between plant growth and trace gas budgets in closed cultivation systems was investigated. And a possibility of plant growth diagnosis by measuring ethylene concentration was evaluated.
Trace gases in closed chambers
Two chambers were used for the experiment. These chambers were closed for several days and then trace gas concentrations in the chambers were measured.
The system shown in Fig. 1 is composed of a plant cultivation chamber and a mushroom cultivation chamber (PMCC) (Kitaya et al. 1994) . The volumes of the chambers for plants and mushrooms are 0.63 m 3 (150cm x 60cm x 70cm) and 0.54 m 3 (150cm x 60cm x 60cm), respectively. These chambers were made from polyvinyl-chloride sheets. The ventilation number per hour within the chamber was 0.016 h -1 .
The system shown in Fig. 2 is the Closed-type Plant Cultivation Equipment (CPCE) facility. It is composed of a CO 2 supply chamber, CO 2 buffer chamber and a chamber for photosynthesis measurement. The volume of the CO 2 supply chamber is 0.32 m 3 (100cm x 80cm x 40cm). The concentration of CO 2 , introduced from the CO 2 cylinder (100%), is adjusted to 1-2% CO 2 in this chamber. The volume of the CO 2 buffer chamber is 1.5 m 3 (150cm x 100cm x 100cm). The chamber was made from acrylic resin. Silicone sealant (KE45T, Shinetsu Co. ltd.) was applied to the joint line of the resin to prevent gas leaks. In this chamber, CO 2 concentration could be kept at a given level from 0 to 5000 mL L -1 . The CO 2 air was introduced into the chamber for photosynthesis measurement and returned to the CO 2 buffer chamber at the opposite end. The photosynthetic rate was calculated with an online computer from the difference in CO 2 concentration between the inlet and outlet air.
The measurement data of trace gases in the PMCC are shown in Table 2 . Methane concentration was slightly higher in treatment 1 and 2, where the mushroom culture beds were in the chamber, than in treatment 3. These concentrations, however, are not very different from the concentration in the atmosphere, hence . These plasticizers detected in the PMCC seemed to be emitted from corrugated tubes made from polyvinyl-chloride and from the coatings of thermocouples and electric cords .
The changes in concentration of ethylene and CO 2 in the PMCC are shown in Fig. 4 . Carbon dioxide concentration varied greatly with time. The variation in CO 2 concentration depends on the respiration rate of the mushrooms and the photosynthetic rate of the plants. On the other hand, ethylene concentration increased with time in all treatments and reached 0.16 mL L -1 in treatment 4 by the end of the experiment. Because ethylene is released mainly from higher plants, it is impossible to remove the ethylene source in CELSS. Characteristics of ethylene release from plants are discussed in the next chapter.
On the other hand, no obvious difference in the concentration of trace gases was observed in the CPCE with or without the plant (Table 3) . Table 2 Concentrations of trace gases detected in PMCC (Tani et al. 1995a ) Table 3 Concentrations of trace gases detected in CPCE (Tani et al. 1995a) methane release rates calculated from these data are not reliable. Ethylene concentration was the highest in the chamber containing lettuce plants and mushrooms (treatment 2) followed by treatment 1, and finally treatment 3, which implies that ethylene was released both from the plants and from the mushrooms. Two sorts of phthalic esters, dioctyl phthalate (DOP) and dibutyl phthalate (DBP), were detected in the PMCC and their concentrations were higher in the chamber containing no lettuce plant (treatment 1 and 3). The lower concentration in treatment 2 might be due to absorption and adsorption (sorption) by the lettuce plant. However, the mechanism of plant sorption of the phthalic esters is not clear (Buta, 1975 ; Melin et al. 1983) . DOP and DBP used as plasticizers have been shown to result in plant damage in closed environments such as a green house (Inden and Tachibana ; 1975) . For sensitive plants such as cabbage (Brassica oleracea) the toxic concentration was in the order of 10 2 pg L -1 Even the ethylene concentration measured in the chamber 8 days after the beginning of the experiment was less than 0.01 mL L -1 because only one plant was grown in CPCE.
Although both DOP and DBP esters were detected in the CPCE in all treatments, the concentrations of DOP and DBP were below or equal to the determination minimum ( Table 3 ). The GCMS chromatogram of the other trace gases trapped by TENAX-GC is shown in Fig.  3 . Many kinds of Dimethylsiloxane polymer (n=3-9) were detected in CPCE, which seemed to be released from the silicone sealant. Some kinds of solvents such as toluene and xylene were also detected. These solvents have been often detected in closed chambers for plant cultivation (Marybeth and Donald, 1991 ; Tibbitts, in press ). Although each trace gas was not quantitatively determined, it is obvious from this result that trace gases were emitted from the construction materials of the chamber and the concentrations increased in the closed environment.
The lettuce plants cultivated in the PMCC and CPCE showed visible injury such as partial chlorosis and shriveling of young leaves, whereas the control plants, which were grown in the air outside the chambers under a controlled environment, had no such damage. This plant damage seemed to result from trace contaminants such as DOP, DBP, organic solvents, dimethylsiloxane polymer, and ethylene.
Ethylene release from plants
There are many reports about ethylene production rates in excised tissues. These rates were obtained by measuring ethylene concentration in small sealed vessels such as test tubes. There are, however, few reports about ethylene release rates of intact plants under a controlled environment (Dhawan et al., 1981; Dubay, 1988) . In addition, Dhawan et al. (1981) reported that there was a difference between the ethylene release rate measured using intact plants and the ethylene production rate measured using excised tissues when the same individual plant was used for both measurements.
In order to predict ethylene concentration in the closed plant cultivation facility and in order to determine the capacity of an ethylene removal system, it is necessary to measure the ethylene release rate of intact plants and to clarify the relationship between ethylene release rate and growth characteristics.
In addition, the effect of environmental factors on the ethylene release rate is unclear. It is also important to investigate these effects because environmental factors should be controlled in a plant cultivation system in CELSS.
Ethylene release from lettuce and Brassica
A closed chamber was used for the experiment (Fig. 5 ). In this chamber, it is possible to control environmental factors such as CO 2 concentration, air temperature, relative humidity, and light intensity. The number of ventilation per hour within the chamber was 0.016 h -1 . The ethylene release rate of lettuce plant was obtained by measuring the ethylene concentration in the Fig. 4 Changes in concentrations of ethylene and CO 2 in PMCC (Tani et al. 1995a) . For explanation in treatments, see Table 1 . (Tani et al. 1995b). chamber in which plants were cultivated under a controlled environment. Trace amounts of ethylene were collected at a liquid oxygen temperature, in order to obtain detectable amounts of ethylene, before being introduced into a gas chromatograph.
Lettuce (Lactuca sativa L. cv. Okayama) of 50g to 80g fresh weight released ethylene at average rates of 0.6 nmol dm -2 h -1 on a leaf area basis (El) and 2.7 nmol g -1 h -1 on a dry weight basis (Ed) ( Table 4 ). Mean El of Brassica rapa var. pervidis was 0.3 nmol dm -2 h -1 , 0.5 times as much as that of lettuce. The mean Ef was 0.9 nmol g -1 h -1 , 0.3 times as much as that of lettuce. These rates of Brassica campestris var. communis and Brassica campestris var. narinosa were also less than those of lettuce.
Relationship between ethylene release rate and growth parameters of lettuce plant
The ethylene release rate of lettuce plant was measured from the nursery phase to the harvest phase in order to investigate the relationship between ethylene release rate and plant growth. The rate on a plant basis (Ep) increased with days after sowing (Fig. 6 ). The maximum rate was about 14 nmol plant -1 h -1 .
Ethylene release rates of intact lettuce plant on a fresh weight basis (Ef) and on a dry weight basis (Ed) ranged from 0.1 to 0.25 nmol g -1 h -1 , and from 1.8 to 3.1 nmol g -1 h -1 , respectively (Fig.  7) . These rates gradually decreased as the plant grew. The ethylene release rates on a leaf area basis (El) remained constant, independent of leaf area (Fig. 8) .
Thus, the ethylene release rate of lettuce plant was closely correlated with the growth parameters. This result indicates that ethylene release rate of plants can be estimated by plant growth parameters measured by using nondestructive methods including an image measurement.
Effect of environmental factors on ethylene release rate of lettuce
The ethylene release rate of intact lettuce plant was affected by cultivation conditions such as ambient CO 2 concentration, light intensity and Fig. 7 Relationship between ethylene release rate and shoot dry weight of lettuce plants (Tani et al. 1995b ). For plant cultivation conditions, see Fig. 6 . light/dark period. The Ed and El of lettuce plant cultivated at 2,000 mL L -1 CO 2 were 1.4 times and 1.7 times, respectively, as much as those of the plants cultivated at 400 mL L -1 CO 2 (Table 5 ). The Ed of the lettuce plant was slightly higher in 300 mmol m -2 s -1 PPFD than in 150 mmol m -2 s -1 PPFD (Table 6 ). Els were similar to each other in both PPFD. The Ed and El of the lettuce plant cultivated at 12h light / 12h dark period were 1.9 times and 1.7 times, respectively, as much as those of the plants cultivated at continuous lighting (Table 7) .
Thus, the ethylene release from lettuce plant was affected by environmental factors, especially, CO 2 concentration and photoperiod.
Effect of ethylene on plant growth
Ethylene has many kinds of effects on plant growth, i.e., reduction in rate of stem elongation, induction of epinasty, acceleration of leaf abscission, inhibition of photosynthesis and other physiological effects. These effects have been revealed by mainly using flowering plants and fruit trees. There is relatively little work on the effect of ethylene on vegetables, and most of this work has focused on plant physiology. However, vegetables are important plants for human diet in CELSS and it is necessary to determine a threshold level of ethylene in CELSS.
In the present study, lettuce plants were exposed to low concentrations of ethylene (£1mL L -1 ) for a short term and the effect on the photosynthesis of the plant was investigated. A Fig. 8 Relationship between ethylene release rate and leaf area of lettuce plants (Tani et al. 1995b) . For plant cultivation conditions, see Fig. 6 . Table 5 Ethylene release rate of intact lettuce plants grown at different concentration of CO 2 (Tani et al. 1995b) .
Different letter indicates significant difference at 5% level in t test.
Other conditions : photosynthetic photon flux density, 200 mmol m -2 s -1 from fluorescent lamps ; light/dark period, continuous lighting ; air temperature, 25 ± 0.5 ∞C ; relative humidity, 50 -70% ; growth medium, rockwool cube ; nutrient solution, half strength of commercially Otsuka nutrient solution. Table 6 Ethylene release rate of intact lettuce plants grown at different PPFD (Tani et al. 1995b) Different letter indicates significant difference at 5% level in t test.
Other conditions : light/dark period, continuous lighting ; air temperature, 26 ± 0.5∞C ; relative humidity, 65 -70% ; growth medium, rockwool cube ; nutrient solution, half strength of commercially Otsuka nutrient solution ; CO 2 concentration, 380-420 mL L -1 .
Different letter indicates significant difference at 5% level in t test. Ethylene release rate was measured during light period. Other conditions : photosynthetic photon flux density, 200 mmol m -2 s -1 from fluorescent lamps ; air temperature, 26 ± 0.5 ∞C ; relative humidity, 65 -70% ; nutrient solution, half strength of commercially Otsuka nutrient solution ; CO 2 concentration, 380-420 mL L -1 . Table 7 Ethylene release rate of intact lettuce plants grown at different light/dark periods (Tani et al. 1995b) long term exposure experiment was also conducted to investigate the effect of ethylene on the morphology of the plant.
Effects of ethylene on photosynthesis and transpiration
Lettuce plant (Lactuca sativa L. cv. Okayama) was exposed to 1 mL L -1 ethylene for a short term (4h) at different light intensities (PPFD : 130, 270, and 380mmol m -2 s -1 ). A closed chamber (volume : 167 L ; number of ventilation per hour : 0.017) was used and the rates of net photosynthesis and transpiration were measured. These rates were slightly increased by ethylene exposure at PPFD of 130 mmol m -2 s -1 , whereas it did not change at a PPFD of 270 and 380 mmol m -2 s -1 (Fig. 9 ). When the plant was exposed to different concentrations of ethylene (0, 0.1, 0.5, and 1.0 mL L -1 ), these rates were not decreased by ethylene at low PPFD (130 mmol m -2 s -1 ) (Fig.  10 ). Pallaghy and Raschke (1972) and Pallas and Kays (1982) reported that no change in the photosynthetic rate of peas, beans, and maize was observed after ethylene exposure. However, Kays and Pallas (1980) showed that the photosynthetic rate of the peanut decreased within 2 hours after 0.25 -5 mL L -1 ethylene exposure. Diffusion resistance measurement of the peanut leaves showed a measurable decrease in leaf Fig. 9 Relationship between PPFD, and the rates of net photosynthesis and transpiration of lettuce plants measured after ethylene exposure (1 mL L -1 ) (Tani et al. in press) . Each value is relative to that measured before ethylene exposure. Plant cultivation conditions : ambient ethylene concentration, 1 mL L -1 ; air temperature, 25 ± 1∞C ; relative humidity, 65 -70% ; growth medium, rockwool cube ; nutrient solution, half strength of commercially Otsuka nutrient solution ; CO 2 concentration, 380-420 mL L -1 . Fig. 11 Ethylene absorption rate of lettuce plants exposed to different concentrations of ethylene (Tani et al. in press) . For experimental conditions, see Fig. 10 . Fig. 10 Relationship between ethylene concentration and the rates of net photosynthesis and transpiration of lettuce plants measured after ethylene exposure (Tani et al. in press) . Each value is relative to that measured before ethylene exposure. Plant cultivation conditions : photosynthetic photon flux density, 130 mmol m -2 s -1 ; air temperature, 25 ± 1∞C ; relative humidity, 65 -70% ; growth medium, rockwool cube ; nutrient solution, half strength of commercially Otsuka nutrient solution ; CO 2 concentration, 380-420 mL L -1 .
conductance which was correlated with the net photosynthetic decrease. Thus, the response of photosynthesis of plants to ethylene seems to be different among plant species.
When lettuce plants were exposed to ethylene, the plants absorbed ethylene in the light period only. The absorption rate increased with ethylene concentration (Fig. 11 ). Transpiration rate of the plants in the dark period was approximately 0.5 times as much as that of the light period (Table  8 ). An observation of stomata showed that a majority of stomata was closed in the dark period. On the other hand, in ethylene-free air, the ethylene release rate of lettuce plants in the dark period was the same as that of the plants in the light period. This fact showed that ethylene production efficiency in lettuce leaves in the dark period was not different from that in the leaves in the light period. From these observations, it seemed that lettuce absorbed ethylene mainly through the stomata, but further research is needed to fully explain the mechanism of the plant's ethylene absorption pathway.
Effects of ethylene on morphology and growth of plants
In order to investigate the effects of long-term ethylene exposure on lettuce growth, the plants were grown in a closed chamber (volume : 1170 L ; number of ventilation per hour : 0.010) in which ethylene concentration was controlled at 0, 0.1 and 0.5 mL L -1 . Shoot fresh weight of lettuce plants harvested 5 days after treatment was significantly less at 0.5 mL L -1 ethylene than at 0 mL L -1 ethylene (control) (Fig. 12 ). Ten days after treatment, shoot fresh weight of the plants at 0.1 mL L -1 ethylene was about 90% as much as that of the control plant. A similar tendency was observed for total leaf area and shoot dry weight. Leaf expansion was also inhibited by a low concentration of ethylene. The area of each fully expanded leaf of the plants grown at 0.5mL L -1 Table 8 Ethylene absorption rate and transpiration rate of lettuce plant exposed to 1 mL L -1 ethylene (Tani et al. in press) . For experimental conditions, see Fig. 9 . Fig.12 Change in shoot fresh weight of lettuce plants grown at different concentrations of ethylene (Tani et al. in press) . Plant cultivation conditions : photosynthetic photon flux density, 200 mmol m -2 s -1 from fluorescent lamps ; air temperature, 26 ± 1 ∞C ; relative humidity, 65 -70% ; growth medium, rockwool cube ; nutrient solution, half strength of commercially Otsuka nutrient solution ; CO 2 concentration, 380-420 mL L -1 . and 0.1mL L -1 was 40% and 75%, respectively, as much as that of the control plant (Fig. 13) .
Leaf chlorosis was observed in lettuce plants grown at 0.5 mL L -1 3 days after treatment. Only a little visible damage of lettuce plants at 0.1mL L -1 was observed at harvest. There was no visible damage of control plants. Chlorophyll content Fig. 13 Change in area of developed leaf of lettuce plants grown at different concentrations of ethylene (Tani et al. in press) . For plant cultivation conditions, see Fig. 12 .
concentration of ethylene.
There were no obvious differences in rate of net photosynthesis and transpiration on a leaf area basis among treatments (Fig. 15 ). However, the net photosynthetic rate on a plant basis in ethylene treatments, where leaf expansion of the plant was significantly inhibited, was less than that of the was measured for lower and upper leaves of plants in each treatment. Chlorophyll content of lower leaf tended to be less at 0.1 and 0.5 mL L -1 than at control treatment (Fig. 14) . The observation and result of the chlorophyll content measurement indicate that chlorophyll degradation was accelerated by a low Fig. 15 Changes in net photosynthetic rate and transpiration rate of lettuce plants grown at different concentrations of ethylene (Tani et al. in press) . For plant cultivation conditions, see Fig. 12 . and Kozlowski, 1982) , water stress (Morgan . 1990 ) and heavy metals (Lau and Yang, 1976 ; Tingey, 1980) . But there is little data about ethylene release from intact plants under stress. control plants.
A similar result was reported by Jame et al. (1984) , who cultivated tomato and rice plants at a high level of CO 2 in a chamber. They used a CO 2 cylinder contaminated by ethylene as the CO 2 source. Leaf area of these plants was less in this CO 2 -ethylene treatment than in CO 2 treatment where ethylene was removed. Plant height was also less in the CO 2 -ethylene treatment. The mean ethylene concentration at CO 2 -ethylene treatment was estimated to be 0.06 mL L -1 .
As a result, the net photosynthetic rate of lettuce plant was not decreased by low concentration (<1mL L -1 ) of ethylene. However, chlorophyll degradation and inhibition of leaf expansion were observed for the plant exposed to ethylene. In order to determine a threshold level of ethylene in CELSS, it is important to investigate the ethylene level at which plant damage is negligibly small and no significant effects on plant growth and nutrient content are observed.
Plant growth diagnosis by monitoring ethylene concentration
Rates of photosynthesis and transpiration of plants in CELSS can be calculated by measuring concentrations of CO 2 and water vapor, respectively. The rates are available for estimating stomata opening and dry matter accumulation in plants (Corey and Wheeler, 1992 ; Wheeler et al., 1993) . In addition to these rates, ethylene release rate of plants may be utilized as information for plant growth diagnosis (Tingey et al., 1976) . As mentioned before, there is a lot of data that indicates ethylene synthesis of excised tissues is enhanced by environmental stresses such as air pollutants (Tingey, 1976 ; Bressan et al., 1979 ; Peiser and Yang, 1979 ; Kimmerer Fig.17 Change in ethanol production rate of leaf discs of lettuce plants grown at different concentrations of Ni in nutrient solution (unpublished data). For plant cultivation conditions, see Fig. 16 . measuring the ethylene concentration in CELSS was evaluated.
Ethylene release from plants under heavy metal stress
Ethylene release from intact lettuce plants was increased by a high concentration (20 mg L -1 ) of Ni and Co and decreased by Cr and Cu. (Table  9 ). Net photosynthetic rate was decreased by all heavy metals used in the experiment. Chlorophyll degradation in the leaves occurred in the unexpanded leaves in the Ni treatment and in the expanded leaves in the Co treatment, where ethylene was mainly produced. No visible injury was observed in leaves of lettuce plants grown at a high concentration of Cr and Cu. When the time course of ethylene production of leaf discs excised from Ni stressed plant was investigated, ethylene production was increased 18 hours after the beginning of the experiment (Fig. 16 ). Visible injury of the plant was observed, for the first time, 24 hours after the beginning of the experiment. Then ethylene production rate was 9.4 ± 3.1 nmol dm -2 h -1 , 15 times as much as the control level. Productions of ethanol and acetaldehyde were observed in Ni stressed plant only, 24 hours after the beginning of the experiment (Fig. 17) . However, standard deviations of the values were large due to the difference in leaf damage among In the present study, the effect of heavy metals in nutrient solution on the ethylene release from intact lettuce plants was investigated. A possibility of plant growth diagnosis by Fig. 20 Time course in net photosynthetic rate of lettuce plants cultivated hydroponically with a nutrient solution containing 20 mg L -1 of Ni (unpublished data). For plant cultivation conditions, see Fig. 18 .
Conclusion
In the present study, interactions between plants and ethylene were investigated from two different viewpoints ; ethylene is toxic for plant growth, whereas the ethylene release rate of plants can be utilized as a plant growth indicator.
An interaction between plant growth and ethylene as trace contaminant was investigated. As a result, ethylene release characteristics were clarified and effects of ethylene on lettuce growth were revealed. These findings are useful for determination of a threshold level of ethylene and a capacity of ethylene removal system in CELSS.
On the other hand, the possibility of plant growth diagnosis by measuring ethylene concentrations was evaluated. As a result, it became clear that the measurement of ethylene concentration in CELSS is one of the useful nondestructive measurement methods for plant growth diagnosis. Further research is needed to investigate the applicability of the method to environmental stress other than Ni and Co in nutrient solution.
This research showed that the ethylene management suitable for CELSS is not to continuously remove ethylene, but to consider it to be an indicator for plant growth and to monitor its concentration below the threshold level. leaf discs excised from stressed plants.
Ethylene measurement in a closed chamber including Ni-stressed plants
Time course of ethylene concentration was investigated in a closed chamber including 12 lettuce plants hydroponically cultivated with a nutrient solution containing 20 mg L -1 of Ni. The chamber was ventilated twice during the experimental period (35 h) to maintain ethylene concentration at a low level (Fig. 18) . Ethylene concentration increased with time and the degree of increase was greater at latter half of the experiment. The plant's ethylene release rate calculated from the concentration change inside the chamber was in the range of 1 to 2 nmol plant -1 h -1 from 6h before, to 15h after the beginning of the experiment (Fig. 19) . But it increased to 3.5 nmol plant -1 h -1 18h after the beginning of the experiment. Thereafter, it continued to increase and the highest value (8.0 nmol plant -1 h -1 ) was observed 30h after the beginning of the experiment. On the other hand, rates of photosynthesis and transpiration scarcely varied during the experimental period (Fig. 20, 21) .
Thus, it became clear that the measurement of ethylene concentration in CELSS is one of the useful non-destructive measurement methods for plant growth diagnosis. 
